The analysis of state of processing technologies for oxidized nickel ores, volumes of their extraction and processing, range of obtained products was carried out. Methods of ore processing are divided into hydro-and pyrometallurgical. The last of them are more common. The main product in demand is ferronickel, which is produced by the method of reducing electric smelting of previously calcined ore. The main factors determining the prospects of selected technology are composition and quality of obtained products. Ferronickel of the standard ISO 6501:1988, containing at least 15 % Ni, is in demand on the international market. Processing technologies for poor oxidized nickel ores to ferronickel, which provide solutions to environmental problems, reduce energy consumption, fluxes and increase the recovery of valuable metals, are highly relevant for industry development. The processing technology of serpentinite ores, which includes the following main stages: ore preparation (averaging, crushing and screening, drying); roasting a mixture of dried ore and crushed dolomite (flux) in tubular rotary kilns; melting of hot cinder with the addition of a reducing agent in an ore-smelting direct-current electric furnace to produce a rough ferronickel; refining ferronickel from impurities of carbon, silicon, sulfur, phosphorus, chromium was substantiated. In the course of industrial testing of electric smelting of calcined ores of the Ural deposits, ferronickel, containing (in wt. %) 8.9-15.5 Ni, 1.1 Cr, 0.17 Co, 0.1 S, 0.1 C was produced. Nickel extraction in ferronickel was 96.1 %, cobalt -89.1 %.
Introduction
According to the US Geological Survey data, the world nickel resources comprise more than 130 million tons, ∼ 60% of which are concentrated in oxidized and 40% in sulfide ores. Nickel ores are mined in 20 countries, and metallurgical facilities for the production of this metal are available in 25 countries. The largest producers of nickel [1] are China (742 thousand tons), Russia (234 thousand tons), Japan (178 thousand tons), Australia (139 thousand tons) and Canada (132 thousand tons). China increased its production at an [2] . In 2017, the volume of nickel production at MMC Norilsk Nickel was reduced to 217 thousand tons, which is due to the diversification of production. In general, China (38.1%) is a leader in melting of nickel and nickel products that are measured in terms of nickel. It climbed to the first place in 2010, increasing nickel production tenfold. Russia is in second place (12%).
The scale of nickel production (Table 1) Price changes are influenced by both economic and political factors. Among the economic ones, the balance of production and consumption (stocks or shortages in the metal market), the phases of economic growth and crisis, the fall in domestic demand, for example, during the disintegration for the alliance of the Eastern Bloc countries in the 1990s should be noted. Political bans include the export and import of ores, metals, and equipment. For instance, the introduction of quotas for the ores export in Indonesia (Table 2) , in 2014 contributed to a slight increase in metal prices. The price of nickel in the first half of 2017 had high volatility [4] . Initial expectations for the closure of almost half of the nickel mines in the Philippines as part of the 2016 environmental audit led to an increase in metal prices in February above $ 11,000/ton. After a weakening of the embargo on the export of raw ores from Indonesia and with weak demand for the metal in China for the production of stainless steel, in the second quarter, the price of nickel dropped to $ 8,800 per ton in June of this year. At the same time, the average price of LME in the first half of 2017 amounted to US $ 9761 per ton, which is 10% higher than the same period of the last year. The main amount of nickel goes to the production of stainless steel. This steel is Stainless austenitic-ferritic steel, in addition to nickel, contains 18-25% Cr, 1-4 Mo, its production is 1-2%, at the statistics data it is combined with the 300 series. Ferritic and martensitic grades of stainless steel (400 series) are mostly nickel free, similar to low carbon steel with increased corrosion resistance, used for household appliances (dishes, razor blades, washing machine drums, etc.). In Europe, the production of stainless steel will increase by 2%, thanks to the participation in the EU anti-dumping measures, against
Chinese cold-rolled coils [7] . In the United States, there is an expansion (3%) of stainless steel consumption in construction and consumer electronic equipment. In India, a 7% increase in stainless steel production is due to government efforts to improve the country's infrastructure. Similar events are held in the Philippines. The produced primary nickel is divided into two groups: high-grade (cathodes, briquettes, carbonyl, compounds) and low-grade (ferronickel, rough ferronickel, and nickel oxide). Production Based on the fact that China is the world leader in steel production and seeks to improve product quality, it seems natural to continuously increase the production of stainless steel, in million tons: According to experts, 4.4 to 4.6 million tons of nickel-containing waste, or 350 thousand tons in terms of nickel, are collected and processed annually. Most of the waste is a dormant scrap from stainless steel. Nickel extracted from scrap is reused to produce stainless steels. In 2017, total stainless steel production increased by 6% to a record 48 million tons.
The ferronickel and ferronickel chromium market is determined by the volumes of domestic production and export [8] . Domestic production of ferronickel and ferronickel 
Results and Discussion
The methods of oxidized nickel ores processing, from which the major share of ferronickel is produced, can be divided into hydro-and pyrometallurgical. Oxidized nickel ores are processed mainly by pyrometallurgical methods. Almost the entire world volume of ferronickel is produced by the method of reducing electric smelting for preliminarily calcined ore [9] [10] [11] . The process does not require agglomeration of the charge; it is applicable for ores with different contents of refractory slag-forming oxides, it allows to obtain high-quality refined metal. Ferronickel is smelted in ore-smelting alternating current (AC) electric furnaces with a capacity of 20-100 MVA with graphitized electrodes and a power consumption of 800-850 kWh per ton of dry ore and specific melt of 3.5-14 t/m 2 per day [12, 13] . The profitability of ferronickel production is primarily determined by the nickel content in the ore. Improvement of the technology is carried out in the directions of increasing the size of electric furnaces, increasing their power and turnaround time, switching to a direct current. Attention is paid to the averaging of ores and the mechanical benefication due to the screening of the nickel-poor large classes of ore.
Modern concepts of ore processing technology involve the use of pyrometallurgical processes that ensure the production of ferronickel of the required quality, the processing of slags to crushed stone, sand or additives in cement production, as well as the utilization of slag heat and gas to minimize energy consumption [14, 15] . NIOKR-2018 The following pyrometallurgical methods are currently used to process nickel oxide ores: blast reduction -sulfidation matte smelting (Russia), blast-furnace smelting to Nickel Pig Iron (China), electric smelting to ferronickel (China, Japan, Canada, Ukraine, Macedonia, New Caledonia, Philippines, Greece, etc.), electric smelting to matte (Indonesia) (Figure 1 ). Oxidized nickel ores have features that affect the choice of technology, preparation for smelting and subsequent processing of intermediates [16] .
Pyrometallurgical processing of oxidized nickel ores is essentially the smelting to The processing of ores by the bloomery process was previously performed at the plants in Frankenstein (Germany), Larimna (Greece), Shklyary (Poland), Nana, Itavaki ( Japan), and others. At the Orsk-Khalilovsky Metallurgical Combine, a pilot production unit was installed at which were carried out tests on the processing of ores from a number of deposits. Unfortunately, the work of the bloomery process ovens required fairly precise control of the charge composition for slag-forming oxides and was accompanied by the formation of the scaffold, the fight against which is very difficult. If in 2009, nickel production in ferronickel was 23% of its total world output and 67.5% from the volume of nickel oxide ore processing, now, due to the development of Chinese enterprises, 40% and 80%, respectively. It should be noted that melting on ferronickel requires a high consumption of reducing agent and electricity and does not provide the extraction of cobalt into an independent product. Therefore, hydrometallurgical and mixed pyro-hydrometallurgical processes are promising for the processing of nickel oxide ores in a number of deposits, which ensure the extraction of not only NIOKR-2018 nickel but also other valuable components of the raw material, such as cobalt, iron and magnesium oxide.
In pyrometallurgical technologies, heating of the entire mass of ore to melting temperatures is required, which is associated with one-time high energy costs. However, in hydrometallurgical technologies, it is necessary to heat, albeit to lower temperatures, and not only ore but also solutions (Liquid: Solid = 4: 1), which makes the energy costs on technological processes comparable. The local conditions related to the cost of energy, labor, infrastructure, as well as the payment of railway tariffs, fines for environmental pollution, etc., have a great importance on the efficiency of enterprises.
An important factor of the technology prospects is the quality of the products. According to literary data, the marketable product of most nickel plants is ferronickel, containing at least 15% Ni. In the international market, the composition of ferronickel must comply with ISO 6501: 1988. The standard provides 5 grades of ferroalloy with 20, 30, 40, 50 and 70% of nickel divided into 5 groups (Table 3) . When using the well-known pyrometallurgical technologies for processing the poor Urals oxidized nickel ores, then the possibility of achieving the presented compositions is very problematic. Thus, we can conclude that the processing of poor oxidized nickel ores into ferronickel with a demanded nickel content (10-20%) is highly relevant for Ural enterprises, since it solves environmental problems, reduces energy consumption (by reducing the amount of coke), fluxes and increases the extraction of valuable metals.
It is advisable to consider as one of the options for the reconstruction of the Ural enterprises a scheme (Figure 2 ), including pyro-and hydrometallurgical processing, in which:
• the volume of ore, processed by the hydrometallurgical method, should not exceed the volume of associated products demanded by the market (SiO 2 , MgO, FeO );
• pyrometallurgical processing should ensure the winning of ferroalloy with a nickel content of 10 -20% -as the minimum required for the wide marketing of products for the production of stainless steel. During the evaluation of the ores thermal properties in a reduction environment (COAr), the initial course of the processes, characteristic for heating in an inert (Ar) environment, was established [17] . If in an inert environment the reactions, which are coupled with a change in the mass of the sample, are completed at about 800 ∘ C, in a reducing environment, mass loss occurs over the entire studied temperature range (up to 1250 ∘ C). This is due to the initial development of the reduction reactions for iron and nickel oxides:
The reduction of nickel and iron from magnesium silicates occurs in the region of 
Ni
Iron and nickel formed at elevated temperatures have unlimited mutual solubility, the composition of the Fe -Ni alloy (ferronickel) depends on the Ni/Fe ratios in the ore and the proportion of metals reduced from oxides.
Since the product must be a 20% ferronickel, produced in accordance with ISO 6501:
1988, electric smelting in a DC (direct current) furnace was proposed as the main process. Technological scheme (Figure 3 ) of ore processing from one of the Urals deposits includes the following main stages [18] :
• preparation of ore (ore blending, ore breaking and screen separation, drying);
• roasting of a mixture of dried ore and crushed dolomite in tubular rotary kilns;
• melting of a hot roasted product with the addition of a reducing agent in an oresmelting direct-current electric furnace to produce a rough ferronickel;
• refining of rough ferronickel from impurities of carbon, silicon, sulfur, phosphorus, chromium.
Factors that ensure the growth for the nickel extraction degree, the composition of ferronickel and increase of the electric furnace performance are the preparation of the mixture for the required chemical and granulometric compositions, regulation of the carbon proportion in the mixture and the temperature regime at the processing stages.
The optimal chemical composition of the mixture is achieved by mixing raw materials, repetition and main materials. As a melting unit for the processing of the hot roasted product and the reducing agent, a closed ore-smelting DC electric furnace is proposed.
The fuel elements in an electric furnace are open electric arcs formed between dual upper graphite electrodes (cathode) and melts of slag and ferronickel. Supply of electricity to the slag and ferronickel (anode) can be carried out through the hearth bottom metal sectional electrode passing through the lining of the furnace bottom. Supply of the hot roasted product and the reducing agent is made by feeding units into the space between the cathode electrodes. Under the influence of plasma heat with a temperature above 4000, a roasted product is continuously melted and recovered on the surface of the melt. In an electric furnace bath, the smelting products are separated by density, forming layers of slag and metal melts. When the solid charge is heated in an electric arc and on the surface of the slag melt, the processes of reduction and slag formation proceed. The selected melting technological parameters are: the gas temperature under the roof is 1000-1100 ∘ C, the vacuum is 0.5-1.5 Pa. Liquid smelting products (slag and metal melt) as they accumulate are removed from the furnace bath, respectively, through the tap-hole and blast hole. Slag of electric smelting was proposed to be subjected to water granulation. Dust and process gases are sent to the recuperator, then to the cyclone cell system, electrostatic precipitator and used for heating of the drum dryers.
Heated air in the recuperator is also used to dry the ore.
Conclusions
In the course of the study, new data on the structure of ores from the Ural deposits were obtained. The main phase components of nickel ores are serpentines, talc, clinochlore, and silicon dioxide. Nickel is concentrated mainly in serpentines, while in talc its content is significantly lower. Aqueous magnesium silicates (talc, antigorite), when heated to 600-700 ∘ C, decompose into anhydrous forsterite and enstatite. During the KnE Materials Science NIOKR-2018 environment. Heating the ore with a reducing agent above 1200 ∘ С leads to the formation of ferronickel.
In the course of industrial testing of electric smelting for calcined oxidized nickel ores (Serovskoe and Kulikovskoye deposits), obtained ferronickel with a content of 8.9% Ni, 1.16% Cr, 0.17% Co, 0.1% S, 0.067% P, and also 15.5% Ni, 0.17% Co, 0.1% S, 0.067% P, 1.09%
Cr, 0.1% C. Melting of the ore from the Kulikovskoe deposit is possible in a flux-free mode, which improves melting rates. Nickel extraction to ferronickel is 96.1%, cobalt -89.1%.
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